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Abstract
This vulnerability study investigates the encroaching threat of climate change and how it will exacerbate
the deterioration of open-air masonry sites such as Wupatki Pueblo, Wupatki National Monument. This
rubble and earthen mortar masonry site is assessed through interpretation of stabilization reports,
geological surveys, climate inventories, condition assessments, and cultural resource evaluations. Likely
mechanisms of deterioration are predicted through an analysis of the structure’s material sensitivities and
exposure. The ramifications of projected climatic stimuli are synthesized through an assessment of
material properties, identifying moisture related pathologies and deterioration due to increased wind
speed as the greatest daily threats to the structure. The relative exposure of different structural elements
determines the extent to which sensitivity will facilitate damage, with interior and exterior rooms reacting
differently to changing conditions. Specific areas of concern at Wupatki Pueblo are highlighted through
cross-referencing structure orientation, sites of most frequent repair, and the type of repair conducted.
This research can be used to create a preservation plan for monitoring the location and timeline of
deterioration to ensure the ongoing stability and viability of sites such as Wupatki Pueblo.
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Section 1: Introduction
1.1 Project Overview
The purpose of this research is to create a framework for identifying and
prioritizing site vulnerability at Wupatki Pueblo, Wupatki National Monument (WUPA).
The framework assesses the exposure and sensitivity of the standing masonry architecture
and can be used to develop conservation and management strategies that are more
responsive to the varying conditions of the site, especially due to climate change.
Wupatki Pueblo is located in Coconino County, Arizona. This rubble and earthen mortar
masonry site is part of the group known as the Flagstaff Area National Monuments and
has been part of the National Park Service (NPS) since 1924.
While a risk assessment considers the hierarchy of threats posed to a system, a
vulnerability study explores both the threats and the system’s response and its ability
to adapt, sometimes called adaptive capacity.1 Adaptive capacity includes both inherent
system stabilization and the actions of human managers to mitigate adverse effects. A
final goal of the vulnerability study is to determine a method of locating areas which
are prone to deterioration in order to assist in the continued defense of Wupatki Pueblo
against the ravages of climate change.

1.2 Research Process
Research for this thesis has been organized into five sections:
1.2.1 Review of Existing Vulnerability Framework Assessments
The first course of action in this process was to locate, analyze, and adapt
conceptual examples of frameworks for vulnerability assessment and risk analysis. These
assessments are not limited solely to architecture-based frameworks but also consider the
1
Cathy Daly, “A Framework for Assessing the Vulnerability of Archaeological Sites to Climate Change:
Theory, Development, and Application,” Conservation and Management of Archaeological Sites 16, no. 3
(2014): pp. 269, https://doi.org/10.1179/1350503315z.00000000086.

1

nature of vulnerability itself along with its components, concerns, and consequences. The
past 15 years have shown a growth in analytic methods for assessment of built heritage in
response to growing climate change awareness. Some approaches focus on quantitative
analyses of historical data and material properties and others take a qualitative stance
through assessment of cultural resources and values.2 The National Park Service and
National Wildlife Federation, in addition to many ethnographic and archaeological
scholars and organizations, are working towards creating a consistent and applicable
method for mitigating detrimental effects of climate change on structures, ecological
systems, and communities.
These frameworks indicate that designating a specific and focused site area is
a critical step in assessing the vulnerability of a system. This assessment, therefore, is
limited to Wupatki Pueblo itself; the thesis will not include the other cultural features
contributing to the Wupatki National Monument. The study is further focused on the
north and south units of Wupatki Pueblo, excluding the nearby ‘Wupatki Ball Court’3 and
Room 66, the so-called ‘Amphitheater.’4
Following the description of the study area, the selected examples identify
sensitivity, exposure, and adaptive capacity as the primary variables in defining
vulnerability. This thesis puts particular emphasis on the historical record of site condition
surveys and repairs to better understand deterioration patterns over time. This collation,
combined with the current conditions of contributing cultural characteristics, allows us
to calculate vulnerability in the context of Wupatki Pueblo. To that end, it emphasizes
identifying both causal factors and vulnerability indicators within a certain system.

2
Yu et al, An Integrated Analysis of Climate Change Vulnerability Assessments for Cultural Resources in
the National Park Service (unpublished), National Park Service, 2018, 18.
3
Ellen Brennan and Christian E. Downum, Report of Findings Prestabilization Documentation For Wupatki
Pueblo (NA 405) Wupatki National Monument (Flagstaff, NPS Flagstaff Area Monuments 2001), 398.
4
Brennan and Downum 354.
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1.2.2 Rubble Masonry Behavior
The second stage consisted of an investigation into the technical literature of
rubble masonry with a focus on material and structural performance, shared deterioration
mechanisms, and causes of structural failure. Rubble masonry is found worldwide;
its versatility, durability and availability have made it an accessible and relatively
inexpensive construction system. Hence, in depth studies into its long-term behavior in
response to climatic stimuli cover a large swath of construction types, pathologies, and
causes. A targeted focus on the behavior of sedimentary rocks, particularly sandstone,
provided several launching points for the sensitivity analysis.

1.2.3 Archival Research Specific to Wupatki National Monument
The limits imposed by the COVID-19 pandemic forbade a site visit, thus
limiting the scope of archival research to digitally accessible forms. Fortunately,
the documentation of Wupatki as a National Park Service (NPS) site is extensive,
encompassing 100 years of stabilization reports, geological surveys, climate inventories,
condition assessments, and cultural resource evaluations. The records from the past
20 years of NPS preservation projects are numerous. Preservation yearly reports, the
Vanishing Treasures program, and studies into the stabilization history of the site
provided essential information for this thesis. These records, combined with prior
University of Pennsylvania Center for Architectural Conservation work and theses,
allowed for the production of a detailed account of existing conditions at Wupatki.
Unfortunately, certain documents, such as monthly superintendent reports, are
only available on-site; other sources, such as the records from various excavations,
are vague or nonexistent. The complete reliance on past photographic, graphical, and
documentary materials presented the unusual challenge of conducting a vulnerability
study without knowing the exact, current conditions. In response, this study incorporated
3

accessible historic repairs, environmental circumstances, and material properties for the
purpose of determining deterioration patterns as reflected in the field data. Environmental
factors resulting in immediate stabilization on site, as well as sites of frequent repair
in the Pueblo’s mortar or stone were particularly highlighted for consideration in the
exposure and sensitivity analysis.

1.2.4 Analysis of Wupatki in Terms of Sensitivity and Exposure
The bulk of this thesis is the consideration of sensitivity and exposure in the
context of Wupatki Pueblo. The vocabulary associated with vulnerability studies is
subject to interpretation and has been adapted to suit the specific needs of particular
reports. For the purposes of this thesis, sensitivity is analyzed by investigating the
material properties of the Pueblo’s structural materials, exploring the development of
various climate conditions at the site, and determining how the materials could react.
Exposure will be analyzed by calculating the extent to which these materials are protected
from adverse climate conditions due to their location including protection and orientation.

1.2.5 Assessing Vulnerability of the Pueblo
The final stage of this thesis is to identify the type and occurrence of deterioration
occurring at the Pueblo since its excavation and stabilization to the present. The
relationship between sensitivity and exposure, as well as precedents set by various past
repair and stabilization efforts, uncover both the most susceptible materials and locations
to negative environmental stressors. The isolation of these vulnerable areas reveals
weaknesses in the system as a whole.

4

1.3 Relevant Terminology
Interpretations of the following terms in existing literature can range from
nebulous to overly exclusive. A synthesis of the vocabulary’s varied characterization and
utility determined the most applicable characteristics applied to each term. This thesis
utilizes the following definitions in the context of climate change.
Vulnerability
1. The susceptibility of a site or system to adverse exterior factors, i.e.,
climate events.5
2. The degree to which a resource, asset, or process is susceptible to adverse
effects of climate change, including climate variability and extremes.6
3. The combination of a resource’s exposure to climate stressors and its
degree of climate change sensitivity.7
Resilience
1. The ability for heritage values to recover or transform following climate
change impacts.8
Adaptive Capacity
1. A site or system’s ability to adjust to changing conditions.
2. The ability of resources to adjust or cope with changes (not limited to
climate). Incorporates the inherent capacity of natural resources to adapt.9
Risk
1. The probability of an outcome projected in the vulnerability and adaptive
capacity assessment.

5
Daly,
6

270.
Glenn Ricci et al, Method for Integrated Coastal Climate Change Vulnerability Assessment, Natural
Resource Report NPS/NER/NRR—2019/1933, National Park Service, Narragansett, Rhode Island, 2019, 2.
7
Ibid.
8
Erin Seekamp and Eugene Jo, “Resilience and Transformation of Heritage Sites to Accommodate for
Loss and Learning in a Changing Climate,” Climatic Change 162, no. 1 (July 2020): pp. 42, https://doi.
org/10.1007/s10584-020-02812-4.
9
Ricci et al, 3.
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Exposure
1. The degree to which the site or system is unprotected from climatic
variation and subsequent impacts.
2. Magnitude of change in climate and other stressors that a resource, asset,
or process has already or may experience in the future.10
3. The degree of risk posed to a system by extrinsic factors such as climate,
temperature, precipitation, drought, and hydrology.11
Sensitivity
1. The degree to which a site or system is affected by climatic stimuli as
determined by inherent material properties.
2. Degree to which a resource, asset, or process is or could be affected, either
adversely or beneficially, by climate variability or change.12
Rubble Masonry
1. Stone and mortar construction using irregularly shaped stone without
regular coursing or wythes, leading to wide mortar joints.
Hygrothermal Loads
1. The effect on a site or system as heat and moisture move through the
materials.13
WUPA – Wupatki National Monument
WHS – World Heritage Sites
SCPN – Southern Colorado Plateau Network
CAC – Center for Architectural Conservation, University of Pennsylvania

10
Ibid.
11
Yu et al, 23.
12
Ricci et al, 11.
13

Joseph Exelbirt, Characterizing Compressed Earth Bricks Based on Hygrothermal Aging and WindDriven Rain Erosion, (University of Florida, 2011), 22.
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Section 2: Site analysis of Wupatki National Monument

Figure 1 Wupatki Pueblo, Wupatki National Monument, National Park Service.

2.1 Site Significance and History
The Wupatki Pueblo was both the tallest and the most expansive masonry pueblo
in the American Southwest for its time period.14 Throughout its lifetime, it has endured
looting, excavation, invasive reuse, and multiple stabilization efforts. It has also survived
extreme weather in the form of monsoons, snowfall, drought, and temperature fluctuation.
The ancestral Pueblo preserves the knowledge of traditional pueblo building
practices as well as NPS preservation attitudes and practices over the years. As early as
500 CE, the site was a center for ceremony, commerce, and residence for the Sinagua,
Kayenta Anasazi, and Cohonina cultures. In September 1064, the nearby Sunset Crater
erupted and showered the region with cinder and ash. Archaeologists have speculated
that the prospect of improved agriculture provided the motive for a permanent pueblo
construction. The masonry construction dates to the late 11th century through early 13th
14

J. Graham, Wupatki National Monument: Geologic Resources Inventory Report, Natural Resource
Report NPS/NRSS/GRD/NRR—2011/416. National Park Service, Fort Collins, Colorado, 2011, 3.

7

century. Briggs argues that the Pueblo came into existence due to a variety of factors
including access to local resources and the sacred connection to the land. The Pueblo was
constructed using locally sourced materials and, at its peak, housed approximately 85
people in over 100 rooms spread across three stories. By 1250 CE, the local population
had moved away from Wupatki; yet the site continues to be sacred to the tribes whose
ancestors inhabited the Pueblo. The Hopi, the Zuni, and the Navajo still consider Wupatki
to be a sacred ancestral place.
Wupatki Pueblo was ‘rediscovered’ in 1851 CE by Lorenzo Sitgreaves during an
exploratory mission, and it became the subject of ethnographic and archaeological studies
leading to federal protection and the creation of Wupatki National Monument in 1924.
Beginning in 1933, excavation, stabilization, removal, and reconstruction would reshape
the site for visitation throughout the next century. Archaeologists conducted extensive
excavations in the 1930s and 1950s in association with preservation and in some areas,
reconstruction of the excavated features to provide visitors with a view of the Pueblo
during occupancy.15
The NPS also inserted modern amenities into the existing rooms in order to
create habitable quarters for park rangers and their families. These changes introduced
20th century appliances, steel beams, and modern plaster to the structure.16,17 These
interventions were removed after the NPS shifted its working philosophy away from
opportunistic reconstruction and prioritized stabilization efforts. Sporadic stabilization
work was conducted until 1982, at which point preservation efforts became almost
annual. The site currently operates as an open-air, stabilized ruin and is accessible to
visitors via the NPS Wupatki Pueblo Trail.

15
Donelle J. Huffer, National Park Service, 2015 Preservation Activities at Wupatki National Monument,
2016, 18.
16
Catherine M. Cameron, Scheick, Cherie L., “Wupatki National Monument,” (National Register
Nomination Form, Southwest Archaeological Consultants, Inc., Santa Fe, 1992), 15.
17
Brennan and Downum 1.
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Figure 2 Wupatki Pueblo in its geological context relative to the Pleistocene era Woodhouse Mesa (purple), the Middle
and Lower Triassic era Moenkopi Formation (green), and the Lower Triassic era Wupatki Member (lighter green).
Source: Dickensheets 2018; Source: George H. Billingsley, Susan S. Priest, and Tracey J. Felger, Digital Geologic Map
of Wupatki National Monument and Vicinity, Coconino County, Northern Arizona, U.S. Geological Survey, Scientific
Investigations Map 2958, 2007.

2.4 Location and Geological Resources
Wupatki Pueblo lies at the base of the Woodhouse Mesa on the Coconino Plateau
of northern Arizona in the American Southwest. The Coconino Plateau is a tableland
situated in the physiographic province of the Colorado Plateau, a region which extends
across Arizona, Utah, Colorado, and New Mexico.18 This area is characterized by
sedimentary rocks dating to the Lower Permian and Lower Triassic periods and the
arid desert climate caused by the drain of the Colorado River.19 Also common in the
area are sedimentary rocks dating to the Upper Paleozoic and lower Mesozoic eras.
18
Graham,
19

Ibid.

2.

9

WUPA resides within the Triassic Moenkopi Formation which stretches across Arizona,
California, Colorado, Utah, New Mexico, and Nevada; it is noted for its red-colored silt
and sandstones. Kaibab Formation limestone underlies the Moenkopi Formation and is
revealed by erosion of the Moenkopi sandstone. The Woodhouse Mesa is a basalt lava
flow dating to the Middle Pliocene era. It originates at the nearby San Francisco Volcanic
Field, a formation created by six million years of repeated volcanic eruption. To the
northeast of the Pueblo, shale from the Upper Triassic Chinle Formation can be found.
The 185m thick layer of Coconino Sandstone underneath WUPA holds the local aquifer.
The Colorado River drains the area, making groundwater a precious resource. The area
beneath Wupatki is noted for earth cracks and blowholes, and the Pueblo is located within
the active seismic region of Arizona.20

2.5 Climate
WUPA is located in a windy, arid plateau at an elevation of 1,468 meters. The
draining effect of the rivers make this area particularly dry, while the altitude of the
mesa tops promotes evapotranspiration. Typically, winds travel southwest to northeast,
though winter winds can travel north to south. The National Weather Service Cooperative
Observer Program (COOP) has recorded weather data from stations in and around the
park since the 1940s.21 Summer temperatures range from 81-95 °F with the temperature
peak in July. Winter, the period between November and February, averages 58.3-54.9 °F
with average lows between 33.2-29.0 °F. Temperature trends in the Colorado River Basin
have shown a relatively consistent upward trend since the 1960s.22 Figure 3 shows a
comparison of temperature and climate based on recorded climate conditions for the past
30 years near Wupatki.23
20
Ibid.
21

C. A. Davey, K.T. Redmond, and D. B. Simeral, Weather and Climate Inventory, National Park Service,
Southern Colorado Plateau Network, Natural Resource Technical Report NPS/SCPN/NRTR— 2006/007.
National Park Service, Fort Collins, 2006, 51.
22
Ibid., 24.
23
“Climate Observed at Wupatki National Monument,” Meteoblue Weather,
May 1, 2021, http://meteoblue.com/en/weather/historyclimate/climateobserved/
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Figure 3 Range of recorded temperature and precipitation. The red line indicates the mean temperature for the last 30
years with the orange buffer showing maximum and minimum monthly mean. The dark blue bars indicate maximum
precipitation and light blue indicates minimum precipitation. The boundary between indicates the monthly mean.

Annual precipitation level is 8 inches, mostly stemming from the monsoon
season. The warm, dry summers of the plateau are punctuated with heavy thunderstorms
which occur most frequently between July and September. The other main source of
moisture is snowmelt; the elevation of Wuptaki combined with extended periods of
below-freezing temperatures throughout the winter cause the accumulation of snow.
Winter precipitation is a strong indicator of soil moisture conditions and fire vulnerability.
Precipitation is affected by the El Niño effect every 5 to 7 years; the 2004 to 2005
occurrence doubled the winter precipitation.24

2.6 Original Construction and Stabilization History
The original building materials for the Pueblo were Moenkopi sandstone from
the Moenkopi Formation and basalt from nearby volcano fields, laid in an earthen mortar
wupatki-national-monument_united-states-of-america_5321761.
24

Ibid., 16.
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made with local sands and clays. The builders constructed the Pueblo directly on the
mesa’s sandstone bedrock taking advantage of the natural formation walls including
large detached rockfall when shaping the rooms. Excavations have also uncovered earlier
walls which served as foundations for later rebuilding. The coursed rubble sandstone
and limestone was set in thick layers of earthen mortar with black volcanic cinder.25 No
sandstone quarrying was needed as the bedded ledgerock conveniently provided all the
necessary stone, and stone shaping was limited to the creation of a relatively rectangular
shape for ease of placement. Builders constructed the Pueblo with an eye towards
protection and security, orienting courtyards and residential rooms behind thick, exterior
walls.26 Architectural elements in the area were situated perpendicular to wind direction
in an effort to mitigate soil erosion.27
After the Pueblo’s rediscovery, large scale interventions were initiated in 1933,
including the excavation of the majority of the Pueblo and the early reconstruction
efforts. Every room in the Pueblo has been stabilized, repointed, or reconstructed at least
twice. Intervention dates, locations, and materials are listed in Appendix 1. The original
stabilization mortars were local soil and grey Portland cement, both tinted and untinted.
After the 1970s, repointing mortars were amended with the acrylic emulsion, Rhoplex

TM

E-330, allowing the reddish soils to naturally impart the needed color for matching the
original mortars.
All site stabilization since 2002 has followed the guidelines set by the region’s
Vanishing Treasures Program and the Flagstaff Area National Monuments. These
approaches are as follows:
Approach 1: Continue the existing original character and appearance when a
site has not received any previous stabilization treatment where the intent of the
preservation work is to preserve all inherent components of a site.

25
Brennan
26

and Downum 81.
Daniel Rucker, National Park Service, Archaeological Preservation Report, 2012 Wupatki National
Monument (Flagstaff, Flagstaff Area Monuments, 2013), 690.
27
Garrett W Briggs, “A Contextual Analysis of Wood-Use Behavior at Wupatki Pueblo” (disssertation,
ProQuest LLC, 2018), 96.
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Approach 2: Continue the existing original character and appearance and remove
non-characteristic stabilization materials and techniques. This approach is used
when significant (more than 50%) original fabric remains, but that have been
minimally to moderately impacted by past stabilization repairs. The purpose is to
preserve and perpetuate the original character-defining elements of the original
resource in terms of the materials, elements, architectural stylization, and mass
and form and to reestablish the character and visual integrity of stabilized portions
of a wall to an appearance compatible with the original.
Approach 3: Continue the existing original character and appearance of original
fabric where possible but continue existing stabilization appearance where
necessary. This approach is used on resources that have been substantially
modified by previous stabilization repairs and retain less than 50% but more than
10% original fabric. Although preservation of original fabric remnants is retained
as one goal, the main purpose is to maintain the mass and form of the stabilized
fabric (that may or may not be protecting original fabric), as well as its long-term
stability and safety.
Approach 4: Continue the existing stabilization appearance. This approach is used
on resources that have been severely modified by previous stabilization repairs,
to the point that less than 10% original fabric is retained. In these circumstances,
restoration of the wall to an original appearance would be conjectural and more
appropriately characterized as a reconstruction, which is contrary to National Park
Service policy.28

Due to the extensive reconstruction and introduction of many stabilization mortars over
the Pueblo’s lifetime, stabilization efforts have followed most closely Approaches 2
28

Lyle J. Balenquah, National Park Service, 2002 Ruins Preservation Final Report Wupatki, Nalakihu, and
Citadel Pueblos, Wupatki National Monument 2002, 3.
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and 3.29 Recent interventions include repointing, removal of earlier stabilizing mortar,
resetting capstones, drain maintenance, and stabilization efforts after extreme weather
events.30

2.7 Materials
2.7.1 Moenkopi Sandstone
Moenkopi sandstone is a fine-grained quartzitic stone which receives its notable
red coloring from oxidized iron minerals (hematite). The sedimentary rock was formed
during the Triassic period in the Moenkopi Formation; the rubble stone used at Wupatki
Pueblo was taken from the Wupatki Member of the Moenkopi Formation. It is composed
of sandstone, siltstone, and shale bonded by calcite into thin laminae. Gypsum and
cinder layers in the stone were created by the volcanic eruptions from the San Francisco
Volcanic Field. The stone did not need to be extensively quarried, as it was already
accessible as fallen ledgerock in the immediate area. While there has been limited
restoration of walls and extensive repointing, the majority of the sandstone at the site is
the original material.

2.7.2 Basalt Cobbles
Basalt is an extrusive igneous stone predominantly composed of feldspar
plagioclase. Its silica content is around 50%, it is rich in magnesium and iron, and
its cooling time is relatively fast. At Wupatki, the basalt lava boulders were utilized
as decoration, for capstones, or in early repair efforts. The remnants of at least eight
different lava flows were utilized at WUPA. The basalt utilized at the Pueblo comes from
the Woodhouse Mesa Flow.31
29
Lyle J. Balenquah and Amanda Johnson, National Park Service, Wupatki Pueblo 2005 Ruins Preservation
Final Report, Wupatki National Monument 2006, 4.
30
Dana Brown and Erin Gearty, National Park Service, 2016 Preservation Activities at Wupatki National
Monument, 2017, 36.
31
Graham, 21.
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2.7.3 Wood
Wood was used as support, floor, and roofing material for the Pueblo. The utilized
wood at Wupatki is the only material which is not found in the Wupatki Basin and must
have been imported instead of locally sourced. Timber acquisition was not easy as the
closest wood source, ponderosa pine, is at least 10 km away from the site.32 The primary
beams were likely ponderosa pine from the nearby ponderosa highlands; ponderosa
pine was widely distributed in North America. Secondary beams were likely made from
spruce-fir and Douglas fir, exotic species, which were harvested 20 km away from the
site. Original builders also utilized pinyon pine, juniper, and oak species.

2.7.4 Mortar
There have been at least 43 different mortar campaigns during the life of the
Pueblo (see Tables 1and 2 in Appendix 1). These campaigns range from the original
earthen mortars and precontact repairs through a period of cement-based preservation
mortars and finally to the use of Rhoplex acrylic amended mortars with different
aggregates. The majority of stabilization efforts has focused on removing, replacing, or
concealing earlier mortar applications which were either visually incompatible with the
original materials or had deteriorated on a structural or aesthetic level.

Original Mortar
The original mortar for Wupatki Pueblo was an earthen bedding mortar made
with local soils. The reddish brown Wupatki soil is well graded with a medium-fine
texture and a significant amount of silt and clay fines. It provided both the clays and sand
aggregate as well as added black cinder inclusions from the nearby volcanic fields. Its
composition includes calcite and kaolinite, with carbonates composing 5% of the soil.
32

Briggs, 97.

15

Analysis also found large rock fragments and vegetable fibers. Its nitrate and sulfate
levels are low, and it has high chloride levels.33 Geotechnical analysis performed on
samples of presumed original mortar indicate a low plasticity index, typical of a sand or
silt soil with little clay.34 Other experiments on presumed unamended mortar found the
plasticity index consistent with a high-clay content soil.35 This mortar has largely been
replaced on the surface through continuous repointing of the exposed weathered joints
and as a result of preservation efforts post-excavation.

Stabilization Mortars
In an effort to improve the durability, and in some cases, increase the mechanical
strength of earth-based mortars, amendments to the soil mortar were added to the
stabilization mixes. The efficacy of the stabilization mortars has been varied based on
real-time weathering performance. These modified mortar types included soil cements
and Rhoplex E-330 amendments. The NPS has lettered and numbered some types to
identify the composition of historical samples. This identification system is listed in
Appendix 2 (Table 4). Utilization of these types is listed in Tables 5 and 6. Mortars
utilized between 2001 and 2011 have not been categorized specifically in this system but
are listed and described in Appendix 1. Some of the mortar identifications are uncertain
due to a lack of available information.
Experiments into the optimal mortar composition determined that “the optimum
soil mortar should be sandy loam texture and contain roughly 60% to 70% sand, 20%
to 25% clay, and 0% to 10% silt.”36 Coarser grains of sand provide strength and clay
particles (fines) provide adhesion to the mortar.37 The intermediate particles of silts help
33
Caroline Dickensheets and Frank G Matero, “Performance Testing of Acrylic-Amended Earthen Mortars
at Wupatki National Monument in Arizona,” Association for Preservation Technology: The Journal of
Preservation Technology 52, no. 1 (2021): pp. 9.
34
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35
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36
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37
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reduce shrinkage and cracking in addition to well graded sand. For initial stabilization
mortars, the Wupatki soil utilized did not adhere to the ideal proportions, coarse sand was
added to stabilization mortars.

Soil Cement
The repair mortars utilized from the 1930s to the 1970s were local soils amended
with Portland cement and various aggregates of coarse sand, medium coarse sand, fine
sand, or cinder. These mortars were used in approximately 60 rooms of the Pueblo. In
order to match the iconic red color of the structure’s original Moenkopi sandstone and
mortar, pigments were added to counteract the grey color imparted by the Portland
cement. Unfortunately, the heavily tinted colors discolored over time resulting in visually
disruptive repairs which were equally difficult to remove due to the cement’s strong
adhesive bond strength to the stone. Hence, subsequent mortar campaigns were utilized to
obscure the now purple mortar. These repairs have largely been short-lived as removal of
the early cementitious mortar is difficult, leaving little depth for the new repointing.

Rhoplex E-330 Amended Mortar
The acrylic emulsion Rhoplex E-330 first appeared at Wupatki in the early 1980s.
It is composed of copolymer methyl methacrylate and ethyl acrylate finely dispersed in
an aqueous medium. The determined ideal proportions for the additive are 13 percent
chemical solids by weight or 1:2.5 Rhoplex-to-water mix by volume.38 Studies by
Dennis Fenn determined that Rhoplex improves the mortar’s compressive strength,
abrasion resistance, and adhesion. When combined with ideal soils, Rhoplex also reduces
permeability without overwhelmingly influencing the mortar’s color.39 Furthermore, its
higher capillary potential and lower compressive strength relative to the surrounding
38
Caroline Dickensheets and Frank G Matero, “Performance Testing of Acrylic-Amended Earthen Mortars
at Wupatki National Monument in Arizona,” Association for Preservation Technology The Journal of
Preservation Technology 52, no. 1 (2021): pp. 7.
39
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masonry makes the mortar more susceptible to failure than the adjacent stone; it acts as a
sacrificial layer and is easy to replace.
Local red clay soils with added aggregates of coarse sand, fine sand, mica-like
material, crushed sandstone, and replications of the original aggregate have all been used
to improve consistency of the soil. Prior to the 2005 stabilization efforts, all soils utilized
in stabilization mortars were sourced from the New Heiser maintenance yard. This
practice became illegal when the National Park Service forbade all use of soil from within
the Park’s boundaries.40 The first substitute was obtained from Flagstaff Cinder Sales
and dubbed ‘Flagstaff Cinder Sales soil.’ Resources of this soil were depleted by 2007
prompting the testing of ‘Nissan Red’ Moenkopi soil. The initial tests using Rhoplex and
‘Nissan Red’ soil produced a mortar susceptible to extreme shrinkage and cracking during
the drying process.41 In 2008, sand purchased from Block-lite was added to the ‘Nissan
Red’ soil mortar. The sand reduced shrinkage and improved the cohesion of the mortar.42
This mortar was deemed satisfactory and was utilized in the 2009-10,43 2012,44 2013,45
2014,46 2015,47 2016,48 and 201749 preservation activities at the site.50 Current practice is
to instead utilize a ‘Moriah soil’ after the depletion of the ‘Nissan Red’ supply in 2018. 51
The Moriah source is expected to last for at least the next four years.

40
Balenquah
41

and Johnson 2005, 8.
Lyle J. Balenquah and Amanda Johnson, National Park Service, Wupatki Pueblo 2005 Ruins Preservation
Final Report, Wupatki National Monument 2006, 7.
42
Roger W. Dorr, National Park Service, Report on Ruins Preservation Activities Flagstaff Area National
Monuments, 2008.
43
Lisa Baldwin, National Park Service, 2009-2010 Report on Ruins Preservation Activities at Wupatki
Pueblo, Wupatki National Monument, 2015.
44
Daniel Rucker, National Park Service, Archaeological Preservation Report, 2012 Wupatki National
Monument (Flagstaff, Flagstaff Area Monuments, 2013).
45
Brian Yaquinto and Lisa Baldwin, National Park Service, 2013 Preservation Activities at Wupatki
National Monument, 2015.
46
Alex Neumann, National Park Service, 2014 Preservation Activities at Wupatki National Monument,
2015.
47
Donelle J, Huffer, National Park Service, 2015 Preservation Activities at Wupatki National Monument,
2016.
48
Dana Brown and Erin Gearty, National Park Service, 2016 Preservation Activities at Wupatki National
Monument, 2017, 36.
49
Erin Gearty, National Park Service, 2017 Wupatki Amended Mortar Testing with Summit High School
Summary Report, 2017.
50
Ibid.
51
Lisa Baldwin, National Park Service, 2009-2010 Report on Ruins Preservation Activities at Wupatki
Pueblo, Wupatki National Monument, 2015.

18

Section 3: Literature Review
The following literature review provides a discussion of the sources used for the
various topics related to this thesis. The first topic reviews existing vulnerability study
frameworks for cultural resources. The second topic examines the existing literature on
rubble masonry and its performance. The third topic is an intensive review of WUPA’s
repair and stabilization history with a focus on construction, environmental conditions,
mortar performance, and exposure. To ensure that the full range of factors, variables, and
mechanisms were included in this review, an emphasis was placed upon conservation
practices and the need for an interdisciplinary assessment. For the sake of comprehension
and relevance, this literature review applies the gathered information directly to the
WUPA feature(s) to which it pertains.

3.1 Performance of Rubble Masonry Walls and Earthen Mortar Systems
As one of the oldest construction methods, rubble wall systems exist worldwide.
Consequently, much has been written on their deterioration with regard to moisture and
temperature fluctuations, efflorescence, wind loads, and mechanical performance as a
function of their construction details. In recent years, the irrefutable threat of climate
change to built heritage launched investigations into how masonry systems react to the
exacerbation of freeze-thaw cycles, extreme weather events, and other climatic stimuli.
The literature paints a concerning picture of the future’s impact on open-air structures
such as Wupatki Pueblo.

3.1.1 Rubble Masonry
Rubble walls face decay and failure as a result of environmental attack and heavy
loads over a long period of time. The work of Binda and her colleagues established the
detrimental effects of salt crystallization, internal stresses, and freeze-thaw cycles on
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the stability and durability of these masonry systems.52 Through experiments on limebased mortars, they also identified common entry vehicles for moisture and salt, such
as condensation, ground water, and capillary rise as determined by the porosity and
permeability of the chosen material.53 Scholars have conducted studies on the durability
of masonry materials including sandstone, earthen mortars,54 Rhoplex E-330 amended
mortars,55 and lime-putty mortars by subjecting samples to simulated atmospheric
conditions. These studies apply the projected climate change outcomes of increased
precipitation,56 drastic temperature fluctuation,57 higher frequency of extreme weather
events,58 and higher wind speeds to masonry walls.59

3.1.2 Stabilized Ruins and Open-Air Masonry
This literature review focused on the behavior of unprotected sandstone and
earthen mortars when subjected to wind loads, freeze/thaw, and moisture. Wupatki’s
status as an open-air ruin introduces many variables into the calculation of WUPA’s
vulnerability. Ashurst identifies two categories by which structures fail: natural factors
and human factors. The natural factors of rain and moisture action, ground movement
(seismic activity), thermal stresses, vegetation damage, and wind erosion will exacerbate
a rubble wall’s already tenuous situation. However, he also cautions against ignoring
52
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the human factors of neglect, removal of material, abuse of structural members, and
vandalism.60
The excavation of Wupatki disturbed the thermo-hygrometric equilibrium
established by partial reburial of the Pueblo through natural collapse of the upper rooms,
walls, and roofs as well as aeolian debris. For the first time in centuries, the masonry
became exposed to wind loads, moisture (rain and snow), pollution, animals, and sunlight
dependent plant life.61 Wupatki’s wooden roofs, investigated by Briggs, were stolen,
burned, or deteriorated long ago. Currently the site has no such covering, and all aboveground components are exposed to wind loads, moisture, and pollution. Furthermore,
other structural timbers were stolen, the upper levels of the Pueblo were looted, and areas
were demolished and reconstructed for NPS habitation in the early to mid-20th century.
Even after NPS prohibited the Rangers’ practice of occupying the Pueblo rooms, the
creation of the park allowed visitors to climb the exposed walls and remove artifacts.

3.2 Frameworks for Vulnerability Studies
The concept of a systematic method for evaluating the vulnerability of a site is not
original, but the array of existing vulnerability frameworks has a vast range of objectives.
Table 7 in Appendix 3 provides a side-by-side comparison of existing frameworks on this
topic. Though the thoroughness of each framework in the table varies, they all involve
a multi-step process to analyze sensitivity, evaluate exposure, and identify the adaptive
capacity of a system.
The nine-step NPS process emphasizes the need for sensitivity, exposure,
and adaptive capacity analysis. In their model, exposure combined with sensitivity
determines vulnerability which is then used to determine adaptive capacity. Prior to
the 2019 Coastal Region framework, the NPS conducted vulnerability assessments in
60
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different environments and on varied cultural fabric across the country. A compilation of
14 different reports, found in the Integrated Analysis of Climate Change Vulnerability
Assessments for Cultural Resources in the National Park Service by Yu et al, shows the
swath of different approaches, goals, and vocabulary usage. None of the selected studies
focus on sites in the Intermountain and Southern Colorado Plateau region although
the Vanishing Treasures program is in the process of reviewing structures in this area.
Considering and condensing the existing sample of case studies within the assessment
report, a vulnerability study could have four categories of objectives.62
Objective 1. Creating a process for ranking sites or features in order of highest
risk due to new environmental circumstances caused by climate change (Newland
2012/PORE, Fatoric and Seekamp 2016, 2017/CALO)
Objective 2. Creating a process for identifying the climate change hazards and
detrimental effects threatening a given site or system (Wilson 2014/Museums)
Objective 3. Considering the exposure level of multiple cultural resources for a
given threat, i.e., rising sea levels (Peek et al 2015/Coastal)
Objective 4. Considering the exposure and sensitivity level of cultural resources
in a site or system to a spectrum of climate change factors (Melnick et al 2015/E.
Cultural Landscapes, Anderson 2016/Alaska NHLs, Allen 2017/CAHA)

The National Wildlife Federation takes a similar approach, emphasizing the evaluation
of climate sensitivity, exposure to change, and mechanisms to mitigate negative impact.
These considerations inform the vulnerability assessment with regards to climate
change.63
Daly takes a slightly different approach. She creates a qualitative framework
for assessing the vulnerability of archaeological sites to climate change. Her definitions
62
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for sensitivity, adaptive capacity, exposure, and vulnerability greatly influenced those
in the first section of this thesis. In addition, her approach provides a launching point
for the consideration of cultural heritage through a values-based lens.64 As discussed
above, Wupatki has immense cultural significance to many people including native
communities living in the area today, and the values associated with the site extend
beyond the physical to the spiritual.

3.3 Analysis of the Research and Treatment Conducted on WUPA
The literature review focused specifically on Wupatki Pueblo was divided into
two categories. The first is WUPA’s physical context, including climate, geological
resources, construction techniques, and materials. The second category investigates
the NPS activities at the site. Early forays into the excavation, reconstruction, and
maintenance can be incomplete, but an invaluable report summarizing the history of NPS
actions at the site was compiled by Brennan and Downum in 2001. Their report details
the 17 different mortar campaigns used for the stabilization of Wupatki until 1998. An
updated report lists another 7 mortar campaigns. They conclude that there is little original
mortar remaining in the structure and that the earliest repair mortars (tinted Portland
cement which has since discolored) are causing additional harm to the Pueblo. In addition
to mortar analysis, Brennan and Downum investigated the wall masonry for its integrity
and level of alteration from stabilization (provenience).65 They also provide the launching
point for Briggs’ analysis of wood resources at Wupatki.
Following their report, the past 20 years have seen well documented and
organized on-site reports and assessments for preservation activities. For each project,
specific problem areas are identified by the NPS and targeted for repair. The results of
these repointing, stabilizing, and resetting capstone campaigns are marked on site maps,
making it possible to cross-reference the intervention history of the north and south
64
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units. The comparison of the preservation reports recording stabilization efforts for the
past 20 years provides the opportunity to isolate areas of repeated repair, interventions,
structural instability, moisture damage, and mortar incompatibility. See Appendix 1 for
figures indicating the frequency of interventions at the site. Tables 1 and 2 show the room
location of recorded interventions prior to 2001. Appendix 1 also contains maps marking
the location of post-2001 stabilization efforts and the mortar compositions utilized for the
North and South Units. Appendix 2 shows the NPS mortar identification system in Table
4, with Tables 5 and 6 indicating locations for use.
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Section 4: Exposure and Sensitivity Assessments
The sensitivity analysis of the materials utilized at Wupatki Pueblo requires an
investigation into the material weaknesses of the sandstone, basalt, wood, and mortar
types used in construction. These materials are discussed on a general level, noting
material properties that make the material prone to deterioration. Climatic factors which
adversely affect the material and the probable deterioration mechanisms are examined in
more depth and site-specific examples are given.

4.1.1 Soil Mortar
The surface of the Pueblo walls exhibits minimal amounts of original mortar due
to frequent repointing campaigns. Soil mortar is visible in the joints of rooms 54, 69, and
73; Brennan and Downum suggest that this mortar could be original. If so, these locations
are the only surface-accessible examples of the original mortar extant in the Pueblo. Soil
bedding mortar is also found underneath the modern repointing mortars.
Mortar strength overall depends on the nature of the soil with regards to grain
distribution and the clay’s mineralogical properties.66 Earthen mortar draws its durability
and strength from its mineralogical composition and is very sensitive to moisture issues.
The Atterberg limits are the measure of the amount of water content in a fine-grained soil
that triggers a change in soil behavior. These measures are the plastic limit, the liquid
limit, and the plasticity index. The plasticity index is the difference between the plastic
limit (the moisture content necessary to change the mortar from liquid to plastic state)
and the liquid limit (the moisture content necessary to change the mortar from plastic
to semi-solid state). The plasticity index of the original Wupatki soil indicates a high
sensitivity to moisture; introduction of even small amounts of moisture to the soil will
cause it to convert to liquid form.67 The kaolinite clay in Wupatki soil has a low shrink66
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67
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swell potential, but even minor growth and shrinkage during wetting/drying cycles can
result in disaggregation, flaking, and detachment.68 Previous experimentation on the
effects of wetting and drying cycles on unamended Wupatki mortar samples displays
granular disintegration.69 Observations from a 2018 site visit by the CAC found the
exposed earthen mortar is friable.70

4.1.2 Stabilization Mortars
The modern mortars created by the NPS have a higher tolerance to moisture
exposure due to the additives of Portland cement and Rhoplex E-330. They can retain
moisture for a longer period without deforming. Soil cement is the combination of
Portland cement and the local sand or soil which produces a rigid, brittle material. Its low
tensile strength makes cracking a common pathology, but its density and durability make
it resistant to weathering. This durability, however, can adversely affect the surrounding
masonry due to moisture and weathering concerns.71

Rhoplex E-330
Rhoplex as an acrylic emulsion additive increases the cohesion and durability of
the stabilization mortar. Experiments on Rhoplex amended mortar indicate a marginally
lower plastic limit than unamended soils, a reduction in mortar flow, and higher
shrinkage. The addition of Rhoplex reduces permeability and decreases the loss of mass
during wet-dry cycles.72 When acrylics are added in low concentrations and the correct
soil is used, the amended mortar displays greater durability but weathers similarly to
unamended mortar. One Wupatki mortar type, the Rhoplex mortar with crushed sandstone
aggregate is highly eroded and friable.73
68
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4.1.3 Moenkopi Sandstone
The Moenkopi sandstone is particularly susceptible to delamination and granular
disintegration (rounding). Delamination is “a physical separation into one or several
layers following the stone laminae.”74 It can occur as the result of freeze-thaw cycles,
vapor transmission, or efflorescence. These mechanisms trigger internal stresses causing
expansion within the stone and forcing the layers apart.
The complete erosion of the surface level Moenkopi sandstone exposed the
Kaibab Limestone layers in the Moenkopi Formation.75 This erosion of the bedrock
indicates that the environment around the mesas is not conducive to long-term durability
of sandstone. Granular disintegration is frequently the result of exposure to high winds,
pollution, and intense precipitation. The original surface of the sandstone is eroded,
creating a smoother appearance. This issue becomes more evident when repointing
mortar is more durable than the original sandstone.76 While the fabric and texture of the
sandstone determines its porosity and permeability and therefore weathering, bedding
orientation also plays a huge role in the overall performance of individual units.

4.2 Specific Deterioration Mechanisms Occurring and Predicted at WUPA
4.2.1 Moisture Problems
1. Increased Precipitation
The summer monsoons and winter precipitation of the Colorado Plateau introduce
multiple moisture related pathologies to the Pueblo. Already subject to detrimental El
Niño effects, as evidenced by the increased rainfall in 2004 - 2005 and the subsequent
emergency repairs, the structure will be forced to accommodate the shifting precipitation
levels associated with climate change.

Monument, Site Visit November 13, 2018.
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Increased precipitation will cause increased granular disintegration of the
sandstone. An increase in precipitation would also increase the moisture retained in
the unamended and amended mortars and stone of the site. The saturated mortar could
result in reduced overall strength of the rubble masonry, especially at the base and top of
the walls leading to deformation and collapse. Saturated mortar could also transfer the
moisture in liquid and vapor form to the connected stone elements thereby exacerbating
the deterioration of the sandstone and interior soil mortar. The cementitious surface
mortars, trapped behind layers of new Rhoplex mortar, could also cause moisture
transmission problems. Tests exposing both unamended and Rhoplex amended mortar
types to heavy wetting and drying cycles resulted in surface flaking, fine cracks, and
material loss from flaking. Edge-deterioration varied by samples likely as a result of
increased edge evaporation.77
As noted by the Geologic Survey, climate change is predicted to cause fluctuation
in the precipitation levels and change the length of the snowfall season in the coming
years. This change, combined with the forecasted warmer temperatures and probable
vegetation changes, could affect rate of water infiltration for the surrounding soil.78 The
increase in soil saturation could introduce more moisture to the masonry system of the
Pueblo and hasten its deterioration.
Drainage issues are consistently listed as priority considerations in the
preservation projects. Water pooling following torrential downpours or snowmelt
causes saturation of the foundation masonry and reduces its load bearing capacity.79 To
mitigate these problems, conservators have introduced drains to some of the rooms. The
accumulation of debris in these drains impedes their efficacy making drain clearance a
continual concern.
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2. Freeze/thaw Cycles
The temperature around the Pueblo consistently drops below freezing through
the winter months; warmer temperatures bring snowmelt and thunderstorms.80 This cycle
causes moisture in the masonry to expand and contract; microcracks and deformation
result. Freeze-thaw experiments performed on both amended and unamended mortar
samples resulted in slumping and material loss with a significantly higher rate of
deformation in the unamended mortar samples.81 Evidenced by the damage caused by the
above average precipitation and excessive snow melt-off in 2005, these cycles can cause
exfoliation in sandstone. On-site exfoliation, a sub type of delamination, is noted in the
2006 Vanishing Treasures report.82
3. Efflorescence
Efflorescence is the deposit of soluble compounds, such as calcium carbonates
or alkaline salts, on or underneath the surface of a building.83 Salt crystallization occurs
when saline moisture enters the pores of a material such as sandstone and, upon its exit,
deposits salt crystals within the pore itself. As the process repeats, the salt depositions
grow in mass and begin to exert pressure on the walls of the pore. Portland cement as
an additive can increase the rate of efflorescence.84 This pressure results in microcracks,
delamination, spalling, and the accumulation of salt on the exterior wall surface.85
An increase in moisture levels would cause this cycle to occur more frequently, thus
velocitizing the rate of crystal growth and structural deterioration.
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2007), 35.
84
Ibid., 39.
85
Ibid., 34.

29

4.2.2 Erosion
1. Wind Speed
Long term wind loads cause the loss of the original surface of masonry materials.
High wind speeds are common during WUPA summers and extreme weather events.
The resultant erosion can take place in the form of rounding. Rounding wears away
sharp edges of the stone and mortar and is often most prevalent at joints and wall edges.
Sedimentary stone is particularly sensitive to wind speeds as the wind load can cause
weathering and degranulation.86 The early cement-based mortars are significantly more
durable than the softer sandstone. The reduced erosion levels of the stronger mortars
highlight the effect of wind erosion on the original materials.

4.2.3 Destabilization
1. Deformation and Removal of Load Bearing Members
The overall stability of the Pueblo is determined by the efficacy of its load bearing walls
and the substrate. While much of the structure is built upon the Moenkopi bedrock, there
are areas, such as Room 49, in which excavators have found the remnants of foundation
walls. Once excavated, the masonry walls were compelled to withstand wind loads and
internal forces without the stabilizing effects of the surrounding soil or the original roof
and floor beams. Preservation efforts have endeavored not to additionally compromise the
Pueblo’s structural integrity and advise against the removal of load bearing supports and
walls from the floorplan. The detrimental moisture issues discussed above can also lead
to a reduction in the load bearing capability of saturated masonry elements. The deterioration of load bearing elements due to erosion, salt crystallization, and moisture problems
results in deformation of the structure and possible structural collapse.
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4.2.4 Seismic Action
The area around Wupatki, as part of the active seismic zone in north Arizona, is subject
to earthquakes. Earthquakes have been occurring more frequently in recent years, and it
is not unreasonable to predict future occurrences. The Pueblo is located within a system
of blowholes and earth cracks which can be exacerbated due to seismic action.87 The
unsupported masonry walls of the Pueblo are unequipped to handle the lateral forces
imposed by seismic loads and ground instability. These features are highlighted as
priority concerns in the NPS Geologic Inventory.

4.2.5 Fire
Many of the excavated rooms have evidence of roof systems constructed from timber.
Some of these wood members have been the victim of fires. The roof of Room 45, for
example, was incinerated during the Pueblo’s original occupation period.88 Fire can also
cause damage to the masonry elements on site. The arid climate and increased wind
speeds exacerbated by climate change heighten the risk of fire at the site.

4.3 Exposure Analysis
As noted, WUPA is an open-air standing masonry structure. The Pueblo was
relatively protected prior to its excavation, after which the masonry elements were
exposed to weather conditions and human action for the first time in several hundred
years. The introduction of these new variables has resulted in deterioration of the building
fabric, as well as the removal and/or replacement of original materials. Early in the
20th century, some elements were fitted with wooden roofs to give visitors an authentic
experience; those interventions have been reversed, leaving the structure unsheltered.
Both the Moenkopi sandstone and the amended mortars are highly exposed,
especially along the exterior elevations of the Pueblo where there is very limited
87
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protection. This position places the sandstone and mortar in the path of high wind speeds
and torrential downpours. The original mortar is less exposed on the surface. Rooms 54,
69, and 73 are the only locations where original earthen mortar is directly exposed to
the elements. The lack of protective elements on the exterior faces of the structure and
the materials’ inherent susceptibility to wind and moisture have prompted continuous
repointing and recapping programs.89
 	

The excavated rooms are exposed to the outside elements. In efforts to mitigate

resulting deterioration, they have been stabilized through reconstruction with original
masonry and modern materials. The frequent mortar repointing campaigns, capstone
resetting, and wall reformation indicate areas and materials highly exposed to the
elements. The soil mortar extant behind repointing campaigns is also exposed to moisture
through liquid and vapor passage through modern material.
Of the multitude of NPS interventions, exterior rooms in the South Unit such as
81 on the east elevation, 49 in the southeast corner, 68 in the southwest corner, and 28
in the northeast corner were frequently repaired. During the emergency repairs of 2005,
each of these rooms were repointed. Exterior rooms on the west elevation in the North
Unit such as Rooms 1, 4, 7, 10, and 12 have also been frequently repaired. The increased
frequency of repair on the west elevation relative to other areas of the North Unit
indicates a higher exposure level.
Many interior rooms are protected from the worst of wind loads by the outside
walls. Room 41’s height, however, marks its east elevation as the tallest standing wall
in the Pueblo.90 As such, the masonry elements of the Room 41’s upper floors are also
highly exposed. The resulting deterioration is marked by the frequent stabilization efforts.
Following the 2005 storms, the capstones of this rooms, among others, were replaced.
The interior Room 73 is particularly at risk due to its location in the path of drainage
89
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from Rooms 34 and 38; an accelerated rate of water damage has been noted.91 Other
frequently repaired rooms are Rooms 38 and 25 (see Appendix 1 for a list of intervention
frequency).
While the majority of the Pueblo has been excavated, a few rooms remain
underground, unexcavated and protected. In extreme cases, some excavated rooms
have been reburied in an effort to mitigate excessive deterioration of original fabric.
Subterranean rooms are protected from wind loads but often suffer from drainage
problems which compound the damage resulting from precipitation.92 These rooms are
listed in Table 3.

91
Brennan
92

and Downum, 228.
Baldwin 20.
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Section 5: Conclusions
The act of deterioration in a given structure begins as soon as it is built, but the
materials come to a relative equilibrium as dictated by their placement, orientation,
inherent properties, and ability to adapt to the environment in which they have been put.
The NPS defines the vulnerability of a system as the sum of its exposure and sensitivity.
The combination of sensitivity and exposure reveals the most likely deterioration and
where likely to take place. The result of a vulnerability assessment should predict the
location and severity of a deterioration outcome and provide recommendations for
monitoring the associated risks.
In response to the everyday damages incurred by the Pueblo’s original function
and materials, its inhabitants would conduct continuous repairs. Areas of consistent repair
today and historically, however, suggest a cyclical series of deterioration and restoration.
Analysis of the records on stabilization campaigns, maintenance, and reconstruction
identified those locations where the combination of exposure to the elements and
sensitivity to climatic stimuli have necessitated repeated repair efforts.
The results of the assessment method established by this thesis indicate that
the sensitivity of utilized materials to adverse climate effects determines the manner in
which features will deteriorate. The two greatest daily threats to the pueblo are moisture
related pathologies and deterioration due to increased wind speeds. The level of exposure
of those features dictates the extent to which the sensitivity will facilitate deterioration.
These locations are identified by the sites of most frequent repair. The exterior walls
of the Pueblo are more exposed than many interior elements and necessitate more
frequent stabilization and preservation efforts. The repair frequency of interior rooms
such as 41 also indicate a higher level of exposure than other interior rooms. The drains
in interior rooms indicate moisture damage is not limited to exterior rooms; liquid and
34

vapor transmission contribute to masonry deterioration as well. In contrast to seasonal
precipitation which results in gradual and accumulative damage, seismic activity can
result in immediate and catastrophic collapse of the walls but its occurence is less
predictable overall. Once site visitation restrictions are lifted, future researchers should
continue this research and prepare a preservation plan to monitor where and when
deterioration occurs at Wupatki Pueblo and then examine in detail the often complex
mechanisms involved and their mitigation. In the end, the goal of all vulnerability studies
is to ensure the ongoing stability and viability of sites such as Wupatki Pueblo.
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Appendix 1: Interventions
Year
1933
1934
1934
1935
1935
1937
1938
1939
1941
1941
1941
1943
1952

1953
1960
1960
1964

Table 1: Interventions 1933 - 1964
Mortar Composition
Intervention
Locations Affected
Soil Cement
Reconstruction 33, 34, 35, 36, 38, 44, 45, 46, 50, 51,
and Stabilization 53, 56, 57, 59, 66
Soil Cement
Reconstruction 1, 2, 3, 4, 7 (partial), 30, 41, 41B, 43,
and Stabilization 47, 49, 60, 62, 62B, 63, 68, 69, 70,
and 73
Soil Cement
Reconstruction 36 and 41B
and Stabilization
Linseed oil and/or
Experimental
28, 41
other stubstances
Preservation
Cement and/or soil
Stabilization
1, 4, 7, 28, 35, 41, and 49
cement
Cement and/or soil
Roof Repairs
1
cement
Soil Cement
Stabilization
49, 50, and 51
Bitumuls
Stabilization
49, 50, and 51
Soil Cement/Tar Paper Stabilization
12
Rubble
Buttressing
46
Cement
Stabilization
7, 10, 11, 12, 14, 16, 18, 28, 32, 33,
35, 38, 41, 44
N/A
Roof Removal
44
Cement Covered with Stabilization
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 16,
Clay
18, 24, 25, 26, 27, 28, 30, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 41B, 43,
44, 45, 46, 47, 48, 49, 50, 51, 55, 56,
57, 58, 59, 60, 62, 62B, 63, 66, 68,
69, 70, 71, 72, 73, 80, 81, 82, 83
Cement
Stabilization and 1, 2, 3, 5, 6, 7, 8, 9, 12, 24, 26, 27, 28,
Drainage
30, 39, 45, 46, 49, 50, 51, 57, 58, 60,
Installation
63, 69, 70, 71, 73, 80, 81, 82, and 83
Tinted Cement
Stabilization
3, 7, 10, 18, 28
Repointed with Clay
Tinted Cement
Stabilization
32, 36, 50, 51, 68, 72
Tinted Cement
Stabilization
1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14,
Repointed with Adobe
18, 24, 25, 26, 27, 28, 30, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 43, 44, 45,
46, 47, 49, 50, 51, 55, 56, 57, 58, 59,
60, 62, 62B, 63, 66, 68, 69, 70, 71,
73, 80, 81, 82, and 83
39

Year
1978
1978
1982

1982
1982
1983
1984
1985
1985
1986
1987
1987
1988
1991

Table 2: Interventions 1978 - 2001
Mortar Composition
Intervention Locations Affected
Rhoplex
Stabilization 32
Wilhold Concrete
Stabilization 26, 27, 28, 35, 36, 41, 44, 48, 56, 57,
Adhesive
63, 68, 71, 80, 81, 82, and 83
Rhoplex with Cinders
Stabilization 24, 25, 26, 27, 28, 30B, 32, 36, 38, 39,
40, 41, 43, 45, 46, 47, 55, 56, 57, 58,
59, 60, 62, 62B, 63, 68, 69, 70,71, 73,
80, 81, 82, 83
Rhoplex
Stabilization 44, 49
Local soil and sand
Stabilization 2
(possibly Rhoplex)
Rhoplex
Stabilization 35, 44
Rhoplex
Stabilization 32, 33, 34, 35, and 41
Rhoplex
Stabilization 44, 45, 52, 53, 54, 62, 62B, and 68
Rhoplex with Soil from
Stabilization 3, 5, 6, 41, 44, 45, 52, 53, 54, 60, 62,
Little Colorado River
62B, and 68
Rhoplex with Soil from
Stabilization 7
Little Colorado River
Rhoplex with (possibly) Stabilization 24, 25, 26, 30, 39, 47, 71, 73, 83
Sand Aggregate
Rhoplex with “Winslow” Stabilization 25, 27, 28, 69, 70, 73
Dirt
Rhoplex with “Winslow” Stabilization 32, 37, 38, 46, 55, 57, 58, 62, 62B, 63,
Dirt
66, 68, 72, 81, and 82
Rhoplex with Coarse
Stabilization 3, 7, 26, 27, 28, 32, 36, 37, 38, 40, 41,
Sand/Heiser Springs Soil
45, 49, 50, 59, 63, 68, 80, 81, and 83

1993 Rhoplex with Heiser
Springs Soil
1996 Rhoplex with Coarse
Sand/Heiser Springs Soil
1998 Rhoplex with Coarse
Sand/Heiser Springs Soil
2001 Rhoplex with Coarse
Sand/Heiser Springs Soil

Stabilization 4, 7, 8, 9, 24, 25, 26, 27, 28, 34, 35,
36, 37, 41, 44, 45, 59, 60, 62, 62B, 63,
66, 71, 80, and 83
Stabilization 1, 4, 7, 10, 12, 24, 25, 29, 30, 32, 36,
40, 41, 4IB, 45, 46, 47, 59, 63, 68, 69,
70, 73, 80, and 81
Stabilization 1, 2, 3, 4, 5, 7, 8, 9, 10, 12, and 11
Stabilization 25, 26, 27, 28, 36, 37, 38, 40, 44, 45,
46, 49, 52, 53, 58, 59, 60, 62, 62B, 63,
68, 73, 81, 83
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Table 3: Unexcavated or Partially Excavated Rooms
Room
5

Intervention(s)
Cement (1952), tinted
cement, repointed with adobe
(1964), Rhoplex with soil
from Little Colorado River
borrow pit (1985), Rhoplex
with coarse sand and Heiser
Springs soil (1998)
Cement (1952), tinted
cement, repointed with adobe
(1964), Rhoplex with soil
from Little Colorado River
borrow pit (1985), Rhoplex
with coarse sand and Heiser
Springs soil (1998)
Tinted cement repointed with
adobe

Year(s)
1952, 1964,
1985, 1998

Exposed Area
North and west
interior walls,
east exterior wall
face

1952, 1964,
1985, 1999

West interior wall Wall joint between Rooms
5 and 6 was destroyed in
stabilization efforts

1964

Partial east wall

1964

15

Tinted cement repointed with
adobe
Cement/soil cement

16

Cement repointed with adobe

1952 Removal of
1941 brace

17
19
20

N/A
N/A
Soil Cement

N/A
N/A
1933/4

21

2A, 3A, 3I

Unknown

22
23
42
48

N/A
N/A
N/A
Cement covered with clay
(1952), Wilhold concrete
adhesive (1978), sterile soil
(1987)
N/A
N/A
Backfilled prior to 1997

N/A
N/A
N/A
1952, 1978,
1987

6

13

14

64
65
67

1941, 1952

N/A
N/A

41

Notes
West doorway, wall
joint between Rooms 5
and 6 was destroyed in
stabilization efforts

East wall; Due to
conflicting maps, however,
this work could have been
done on space belonging
Room 6 and 14 instead
West interior wall Never fully excavated,
partially cleared in 1941
Northwest corner Excavated then backfilled
of the room
in 1952; not visible in 1997
West facing
Mortar types 3A and
segment
3B found, indicating
undocumented
interventions
N/A
N/A
North and east
Presence of 3J indicates
walls
additional undocumented
intervention
North (int and
Presence of 2A, 3A,
ext), south walls 3I indicates additional
undocumented intervention
N/A
N/A
Room mapped in 1941
N/A
Northeast
wall segment
(rounded), south
wall
N/A
N/A
Pit structure

North Unit Interventions 2002

Location

North Unit

Year

2002

Rooms Affected

Mortar Composition

1, 2, 3, 4, 7, 8, 12, 16

Red clayey mud (New Heiser
maintenance yard area) mixed with
river sand (maintenance yard near Little
Colorado River) and Rhoplex E-330
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North Unit Interventions 2007

Location

North Unit

Year

2007 (cyclic)

Rooms Affected

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14,
15, 16, 21

Mortar Composition

Red clay soil (purchased from Flagstaff
Cinder Sales) with Rhoplex E-330
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North Unit Interventions 2010

Location
Year
Rooms Affected

Mortar Composition

North Unit

2010
1, 2, 3, 4, 6, 7, 8, 9, 10, 12, 14, 15, 16

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)
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North Unit Interventions 2013

Location

North Unit

Year

2013

Rooms Affected

1, 2, 3, 4, 5, 7, 8, 9, 10, 12, 15, 16

Mortar Composition

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)
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North Unit Interventions 2015

Location
Year
Rooms Affected

Mortar Composition

North Unit

2015
12 - Resetting capstones

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)
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South Unit Interventions 2001

Location

South Unit

Year
Rooms Affected

2001
25, 26, 27, 28, 36, 37, 38, 40, 44, 45,
46, 49, 52, 53, 58, 59, 60, 62, 62B, 63,
68, 73, 81, 83

Mortar Composition

Red Clayey mud (New Heiser maintenance) mixed with river sand (Little
Colorado River) and Rhoplex E-330
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South Unit Interventions 2005

Location
Year
Rooms Affected

South Unit

2005 (Emergency)

26, 29, 32, 33, 34, 35, 39, 41, 41B, 43,
44, 49, 50, 51, 55, 56, 57, 59, 60, 62,
63, 66, 68, 71, 73, 80, 81, 82, 83

Mortar Composition

Red clay soil (purchased from Flagstaff
Cinder Sales) with Rhoplex E-330
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South Unit Interventions 2008

Location
Year
Rooms Affected

South Unit

2008
24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 38, 39, 40, 41, 41B,
41B1, 43, 44, 45, 46, 47, 48, 49, 50, 51,
52, 55, 56, 57, 58, 59, 60, 62, 62B, 63,
68, 69, 70, 73, 74, 75, 81, 82, 83

Mortar Composition

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)
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2013 Preservation Activities as WUPA
South Unit Interventions 2009 - 2010

Location
Year
Rooms Affected

South Unit

2009 - 2010
24, 25, 26, 27, 28, 30, 39, 40, 45, 46,
47, 49, 50, 51, 55, 56, 57, 58, 69, 70,
71, 73, 80, 81, 82, 83

Mortar Composition

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)

Figure 2.1. Wupatki Pueblo South Unit areas that received preservation treatment in 2009-2010.
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South Unit Interventions 2012

Location

South Unit

Year
Rooms Affected

2012
30, 36, 41B, 45, 49, 55, 63, 70, 73, 80,
81

Mortar Composition

4 parts Nissan Red, 1 part sand,
Rhoplex E-330 ‘mix’ (4 parts water to 1
part pure Rhoplex)
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South Unit Interventions 2013

Location

South Unit

Year
Rooms Affected

2013
20, 24, 25, 26, 27, 28, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 41B, 41B1,
43, 44, 45, 46, 47, 48, 49, 51, 53, 54,
55, 56, 57, 58, 59, 62, 63, 68, 69, 70,
71, 72, 73, 80, 81, 82, 83

Mortar Composition

1:1 Sand: Nissan Red: Rhoplex/Water
Mix (1:4)
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2015 Preservation Activities at WUPA
South Unit Interventions 2015

Location

South Unit

Year
Rooms Affected

2015
24, 26, 27, 28, 30, 45, 46, 49, 55, 56,
57, 70, 73, 80, 81, 82, 83, Retaining
walls B and C

Mortar Composition

1 Sand: 2 Nissan Red: ~1 Rhoplex Mix
(1 Rhoplex : 3 or 4 Water) Nissan Red
screened 1/4 inch mesh

Removed vegetation
Repointed Joints
Reset Capstones
Tamped fill/contoured

Figure 3.5. Planview map of Wupatki Pueblo South Unit showing 2015 preservation treatment areas.
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South Unit Interventions 2016

Location

South Unit

Year

2016

Rooms Affected

2016 Preservation Activities at WUPA

20, 24, 26, 27, 28, 32, 35, 36, 37, 38,
41, 41B, 41 B1, 43, 45, 46, 49, 50, 51,
52/53, 54, 55, 58, 59, 60 62, 63, 68, 69,
73, 80, 81, 82, 83, and Retaining Wall D

Mortar Composition

1 Sand: 2 Nissan Red: ~1 Rhoplex Mix
(1 Rhoplex : 3 or 4 Water) Nissan Red
2016 Preservation

screened 1/4 inch mesh

Repoint/Fill Voids (High Priority)
Repoint/Fill Voids (Medium Priority)
Repoint/Fill Voids (Low Priority)
Reset Capstones (High Priority)
Remove Vegetation (High Priority)
Add Fill (Medium Priority)
Figure 6.4. Wupatki Pueblo, South Unit Plan View Map for preservation treatment areas.
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Total Number of Interventions for the North Unit (1933-2016)

UE

21
11

2
UE
UE

4

2

10

14
1

5

13

5
9

10

7
12

10

UE
Total Number of Interventions for the South Unit (1933-2016)
UE
15

9

12

2

16
9

15

14

6

8
12

12
13

10

23

5
UE

10

UE

10

9

12

15

3

10
15

17
15

13

16

12

13
10

2
9

10
13

18
10

16
16

15

14

10 11 13

14

14

12
17

Appendix
2: NPSAssessment
Designated
Mortar Types
WUPA 2 Sites Condition
and Architectural
Documentation
NAU Archaeological Report 1356
Table 4: Prehistoric and Stabilization Mortar Types
1
Table 2.1. Known Prehistoric and Stabilization Mortars, Wupatki National Monument.

Designator Material Type

Date(s) of Use Project Sites

References and Comments

1A

Original soil mortar; reddish-brown
soil with sandstone, limestone, cinder inclusions

Prehistoric

WS 1680,
WS 1685

Adams and Cinnamon 1983; Chandler and
Gaunt 1986; Firor 1991
Most commonly observed prehistoric mortar

1B

Original soil mortar; shale-based,
purple

Prehistoric

--

Trott 1978
Observed only at sites on western edge of
northern portion of the Monument

2A

Coarse sand aggregate (tinted and
untinted)

1933-1981

--

Schroeder 1941; Shiner 1961; Davis 1988; Hendricks 1991; Voll 1965

2B

Fine sand aggregate (untinted)

--

--

2C

Medium coarse sand aggregate
(tinted and untinted)

1954 (tinted)

--

Richert 1954
Sand: CNF sand pit; tint 50:50 red and buff
mortar color

2D

Soil cement2

1930s-1970s

--

Chambers 1976; Schroeder 1941; Richert and
Vivian 1974

2E

Cement with cinder
aggregate

--

--

--

2F

Tinted Cement, NFD

--

--

--

Cement

3

Rhoplex4
3A

Coarse sand aggregate

1983, 1991,
1998

--

Protiva 1983

3B

Coarse cinder aggregate

--

--

Observed at Citadel, Lomaki, Kaibab House, and
Box Canyon

3C

Fine sand aggregate

1988

--

Observed at Lomaki

3D

Fine cinder aggregate

1989

WS 1680

Firor 1991

3E

Sand and mica-like aggregate

--

--

--

3F

Eroded; not definable

--

--

--

3G

Crushed sandstone
aggregate

--

--

According to Brennan (2000), this may be exceptionally hard original mortar, not Rhoplex.

3H

Rhoplex NFD3

--

--

--

3I

Rhoplex with other aggregates

--

--

Observed at Lomaki and Citadel

3J

Rhoplex with medium coarse sand

1983

--

Protiva 1983

3K

Soil; aggregate matched to prehistoric mortar

1983, 1985

--

Protiva 1983; Chandler and Gaunt 1986

3L

Nissan Red; abundant coarse sand
aggregate

2011-present

--

Stehman 2012

Daraweld/Wilhold
4A

Soil with Daraweld cement adhesive

1970s-1980s

--

Chambers 1976

4B

Soil with Wilhold concrete adhesive

1978

--

Trott 1978

WS 1680

Chandler and Gaunt 1986; Firor 1991; Schroeder 1941; Protiva 1983; Richert 1954

Unamended Modern 5
5

Soil mortar; usually local to site, but
sometimes amended with cinder and 1970s-1980s
sand

Table adapted from the existing mortar typology used for Wupatki Pueblo, Nalakihu, and other formally assessed sites within the Monument and Vance et al. 2013; 2 Excludes mortars in which only enough soil was added to color the cement; example ratio for soil cement,
as defined here, is 5 parts soil to 1 part cement; 3 NFD = Not further defined, aggregate not visible; 4 Rhoplex-amended mortars were
made with 1 part Rhoplex to 2 1/2 parts water until 1996, after which the ratio was changed to 1 part Rhoplex to 4 parts water; 5 Prior to
2004, soils used in mixing mortar of any sort were often mined from locations near the site; other sources included the Little Colorado
borrow pit and the New Heiser maintenance yard. Between 2004 and 2011, NPS used Moenkopi red clay soil purchased from Flagstaff
Cinder Sales, and then in 2011, began using Nissan Red, purchased from a Flagstaff construction site in 2007.
1
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Cement with fine sand
(untinted)
Cement with mediumcoarse sand (tinted
and untinted)
Probably soil cement; of
five parts soil to one part
cement. This mixture was
used at Wupatki during the
1933/34 project.
Cement with cinder
aggregate

2B

2E

2D

2C

2A

Material Type
Original mud mortar
(probably)
Cement with coarse sand
(tinted and untinted)

Mortar type
1

1933-1978. This type may
actually be type 2C, with dark
sand particles and not cinder.

1933/34 (MNA/CWA); 1934, 1935, 1937,
1938, 1939, and 1941 (NPS custodial projects
are not well documented and the use of this
type from 1934- 1941 is assumed).

1933/34 (MNA/CWA), 1952 (Richert), 1960
(Shiner), 1964 (Voll and Mayer), 1978 (Trott).
1933/34 (MNA/CWA), 1952 (Richert), 1960
(Shiner), 1964 (Voll and Mayer), 1978 (Trott).

Mortar Date
Original, could also be other campaigns,
unclear
1933/34 (MNA/CWA), 1952 (Richert), 1960
(Shiner), 1964 (Voll and Mayer), 1978 (Trott).

Table 5: Utilization of Mortar Types 1 - 2E

3, 31, 33, 48, 68,

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14,
16, 18, 21, 24, 25, 26; 27; 28; 29;
30B; 31; 32; 33; 34; 35, 36, 37, 38,
39, 40, 41, 41B, 41B1, 43, 44, 45,
46, 47, 48, 49, 50, 51, 52, 54, 55, 56,
57, 58, 59, 60, 62, 62B, 63, 68, 69,
70, 71, 72, 73, 74, 75, 80, 81, 82, 83,

Rooms Utilized
54, 69, 73,
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Material Type

Rhoplex with coarse sand. There
are several subtypes of 3A, showing
variations in soil type used for the mud

Rhoplex with coarse cinder aggregate

Rhoplex with fine sand

Rhoplex with fine cinder

Rhoplex with sand, soil from the Heiser
maintenance/housing area (actually a
subtype of the type 3 A)

Rhoplex: eroded, cannot determine
specific type due to mortar degradation

Rhoplex with sandstone aggregate. This
is a highly eroded and friable mortar
with sandstone chips. It was first thought
to be a rhoplex-based mortar, but may
actually be original mortar, or modern
unamended mud.

Rhoplex not further defined, type cannot
be defined because aggregate material
was not visible

Rhoplex with other aggregates, rare
types such aggregate mixtures, i.e.,
cinder and sand or organic materials

Rhoplex with medium fine sand

Unamended

Mortar Type

3A

3B

3C

3D

3E

3F

3G

3H

3I

3J

“OTHER’

Used for cosmetic treatment
over cement mortars as early
as 1933 to the early 1990’s.

The aggregate material used is
often not listed and it can
therefore only be stated that the
type was in use beginning in the
1980’s.

The aggregate material used is
often not listed and it can
therefore only be stated that
the type was in use beginning
in the 1980’s.

1, 2, 3, 9, 12, 20, 24, 33, 34, 41B, 43, 62, 62B, 63, 68, 70, 72,

1, 2, 11, 14, 21, 24, 35, 36, 41B, 62, 62B, 63, 68, 82,

3, 10, 18, 25, 30B, 38, 41, 41B, 43, 44, 45, 62, 63, 69, 70, 73, 82,

54, 69, 73, 54, 69, 73,

Uncertain. If Rhoplex, the type
was in use at least by the1980’s.

The aggregate material cannot
be identified and therefore it can
only be stated that the type was in
by the 1980’s.

1, 2, 3, 4, 5, 6, 7, 10, 12, 16, 18, 25, 27, 28, 29, 30B, 31, 32, 33, 34, 38, 39, 40, 41, 41B, 43, 44, 45,
46, 47, 49, 52, 56, 58, 59, 62, 62B, 63, 69, 70, 71, 73, 80, 81, 82,

74 (likely subtype of 3A, type not specifically listed in report but contains Heiser springs soil), 75
(likely subtype of 3A, type not specifically listed in report but contains Heiser springs soil)

1996 (Glassco) and 1998
(Natseway)
1980’s to present.

24, 36, 52, 53, 57, 68, 83,

3, 7, 8, 10, 18, 24, 25, 26, 27, 28, 29, 30B, 37, 38, 41, 43, 46, 49, 50, 51, 52, 55, 56, 57, 58, 59, 60,
63, 68, 69, 70, 71, 80, 81, 83,

1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 14, 16, 18, 24, 25, 26, 27, 28, 29, 30B, 31, 33, 34, 35, 36, 37, 38, 39,
40, 41, 41B, 41B1, 43, 44, 45, 46, 47, 48, 49, 50, 51, 54, 55, 56, 57, 58, 59, 60, 62, 62B, 63, 68, 69,
70, 71, 72, 73, 80, 81, 82, 83,

1, 2, 3, 4, 7, 8, 9, 10, 12, 16, 18, 21, 24, 25, 26, 27, 28, 29, 30B, 32, 33, 35, 36, 37, 38, 39, 39, 40, 41,
41B, 41B1, 43, 44, 45, 46, 47, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 62, 62B, 63, 68, 69, 70,
71, 72, 73, 74 (likely, not specified), 75 (likely, not specified), 80, 81, 83,

Probably 1982 (Healy)

Beginning in 1980

1982 (Healy)

1996 (Morgart), 1998
(Natseway), and 1980s

Rooms Utilized

Table 6: Utilization of Mortar Types 3A - 3J
Mortar Date
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Define study area

Get to know the place over time
(understand exposure, sensitivity,
and adaptive capacity)

Hypothesize who is vulnerable to
what

Develop a causal model of
vulnerability (exposure, sensitivity,
adaptive capacity)

Find indicators for the elements of
vulnerability

Operationalize’ model of
vulnerability

Project future vulnerability

Communicate vulnerability
creatively

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Step 9

Schröter et al (2005)

Source

Quantify
vulnerability
and develop
indicators

Assess adaptive
capacity

Assess exposure
and sensitivity

Identify most
likely hazards

Define the
significance of
the asset

Define study
area

Woodside
(2006)

Apply
assessment
in adaptation
planning

Assess
components of
vulnerability

Gather relevant
data

Determine
objectives and
scope

Determine
site and
scope

National Wildlife The Getty
Federation
Institute
(2011)
(2012)

Sensitivity analysis

Develop indicators for the
elements of vulnerability

Use Stakeholder Review
to refine and communicate
results

Evaluation of the
assessment process

Communicating
vulnerability

Integration analysis and
recommendations

Adaptive capacity analysis

Vulnerability analysis
Assess vulnerability by
entering values for exposure,
sensitivity, and adaptive
capacity into the Causal Model

Exposure analysis

Selection of climate
projections

Identification of resources
and goals

National Park Service
(2019)

Identify likely hazards for
each value under future
climate change using the
Matrix of Impacts

Understand exposure,
sensitivity, and adaptive
capacity of each of these
values over time

Define heritage values to be
assessed

Daly (2014)

Table 7: Vulnerability Development of Vulnerability Frameworks

Appendix 3: Vulnerability Frameworks

Index
Climate Change
Effects		
Exposure
Intervention Frequency
Locations
Implications
Sensitivity
Material Properties
		 Mortar
		 Sandstone
Vulnerability
See Exposure and Sensitivity
Vulnerability Frameworks

10 - 11; 28 - 33
See Appendices 1 and 2
See Appendices 1 and 2
32 - 36
14 - 18; 26 - 28
15 - 19; 27 - 34
28 - 34
22 - 24; Appendix 3
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